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GPCRThe chemokine receptor CXCR4 interacts with a single endogenous chemokine, CXCL12, and regulates a wide
variety of physiological and pathological processes including inﬂammation and metastasis development.
CXCR4 also binds the HIV-1 envelope glycoprotein, gp120, resulting in viral entry into host cells. Therefore,
CXCR4 and its ligands represent valuable drug targets. In this study, we investigated the inhibitory properties
of synthetic peptides derived from CXCR4 extracellular loops (ECL1-X4, ECL2-X4 and ECL3-X4) towards HIV-1
infection and CXCL12-mediated receptor activation. Among these peptides, ECL1-X4 displayed anti-HIV-1
activity against X4, R5/X4 and R5 viruses (IC50= 24 to 76 μM) in cell viability assaywithout impairing physiolog-
ical CXCR4–CXCL12 signalling. In contrast, ECL2-X4 only inhibited X4 and R5/X4 strains, interfering with HIV-
entry into cells. At the same time, ECL2-X4 strongly and speciﬁcally interacted with CXCL12, blocking its binding
to CXCR4 and its second receptor, CXCR7 (IC50 = 20 and 100 μM). Further analysis using mutated and truncated
peptides showed that ECL2 of CXCR4 forms multiple contacts with the gp120 protein and the N-terminus of
CXCL12. Chemokine neutralisation was mainly driven by four aspartates and the C-terminal residues of ECL2-
X4. These results demonstrate that ECL2 represents an important structural determinant in CXCR4 activation.
We identiﬁed the putative site for the binding of CXCL12 N-terminus and provided new structural elements to
explain the recognition of gp120 and dimeric CXCR4 ligands.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The chemokine receptor CXCR4 is a class A G-protein-coupled
receptor (GPCR) expressed at the surface of a large variety of cells
including T lymphocytes, monocytes, neutrophils, dendritic and
endothelial cells [1–3]. The interaction of CXCR4 with its unique
endogenous ligand, the chemokine CXCL12, also named SDF1α,
plays a crucial role in various processes such as hematopoietic stem
cell [4,5] and leukocyte trafﬁcking [6,7], vascular and neuronal
development as well as inﬂammation and immune-modulation
[5,7,8]. In addition to its physiological role, CXCR4 is involved in
several pathologies including inﬂammatory diseases, WHIM (Warts,
Hypogammaglobulinemia, Infections, and Myelokathexis) syndrome,
cancer and HIV-1 infection [9–13]. CXCR4 and another chemokine
receptor, CCR5, act as co-receptors for the entry of HIV-1 into host
cells by interacting with the viral envelope protein gp120 after its
engagement with CD4 [11,14–21]. Viruses enter via CCR5 or CXCR4352 26 970 221.
gné).
s Edison 1A-B, L-1445 Strassen,
ights reserved.(termed “R5 viruses” and “X4 viruses”), or use both co-receptors
(termed “R5/X4” or dual tropic viruses). Viruses using CCR5 are
believed to be preferentially transmitted as they infect effectormemory
CD4+ T-cells as well as macrophages and dendritic cells, which are
abundant underneath the epithelial layer where infection occurs.
Viruses utilising CXCR4, preferentially infecting naïve CD4 T-cells, gen-
erally appear later during infection and are associated with a decline
of the immune response and with the onset of AIDS [22–27].
CXCR4 is also expressed on a large number of cancer cells and its
interaction with CXCL12 has been demonstrated to favour tumour cell
survival, proliferation and mobility leading to metastasis development
[13,28–30]. Besides CXCL12, CXCR4 also interacts with the broad-
spectrum human herpes virus 8-encoded chemokine vCCL2, which
acts as an antagonist [31]. In 2005, CXCR7 was identiﬁed as the second
CXCL12-binding chemokine receptor [32,33]. Similar to CXCR4, CXCR7
promotes cancer metastasis and its over-expression is often associated
with more aggressive tumour phenotypes and bad prognosis [34–36].
Importantly, the biology and regulation of the activity of CXCR4, CXCR7
and their common ligand CXCL12 were suggested to be interdependent
[37].
CXCR4 was shown to adopt a typical GPCR fold consisting of a
seven-transmembrane helix bundle. However, the location and shape
Table 1
Sequence and length of peptides derived from CXCR4 extracellular loops.
Name Length Position Sequence
ECL1-X4 14 97–110 DAVANWYFGNFLCK
ECL2-X4 27 176–202 NVSEADDRYICDRFYPNDLWVVVFQFQ
ECL3-X4 21 262–282 DSFILLEIIKQGCEFENTVHK
Residues in bold are solvent exposed in the CXCR4 X-ray structure.
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GPCRs and is situated closer to the receptor surface [38] suggesting a
greater implication of the N-terminus and the three extracellular loops
(ECL1, ECL2 and ECL3) in ligand binding and receptor activation
[39–41].
The tridimensional structure of chemokines consists of (1) an
elongated and ﬂexible N-terminus, (2) a cysteine motif, (3) a loop
of approximately ten residues, often referred to as the N-loop, (4) a
single-turn of 310 helix, (5) three antiparallel β-strands and (6) a
C-terminal α-helix. These secondary structures are connected by turns
known as the 30s, 40s, and 50s loops, which reﬂects the numbering of
residues in the mature protein [42,43]. The chemokine structure is
further stabilised by two disulphide bridges connecting the cysteine
residues of the N-terminus with those located on the 30s and 50s
loops [42].
On the basis of the large amount of information available for CXCL12
and CXCR4, a general two-step mechanism was proposed to describe
the interaction of chemokines with their cognate receptors [44,45].
The initial step of this model corresponds to the anchoring of the
chemokine to the receptor's N-terminus (Chemokine Recognition Site
1, CRS1) and is followed by the binding of the ﬂexible N-terminus of
the chemokine to a second site (CRS2) located in the vicinity of the
transmembrane segments (TMs) and the extracellular loops of the
receptor. In linewith thismodel, studies using sulfated peptides derived
from the N-terminal domain of CXCR4 demonstrated that peptide
corresponding to CRS1 binds the surface of CXCL12 in an extended con-
formation close to the chemokine N-loop [46,47]. Furthermore, these
studies highlighted the importance of sulfotyrosines present on
CRS1 and sulfotyrosine-binding pockets present on the chemokine.
Binding of the chemokine N-terminus to CRS2 was suggested to
induce conformational changes in the receptor and in its subsequent
activation. In agreement with this model, short peptides derived
from the ﬂexible N-terminus of CXCL12 were shown to be sufﬁcient
to speciﬁcally bind CXCR4, and displayed agonist activity [48–51].
Further analyses conducted with afﬁnity puriﬁed CXCR4 identiﬁed
several amino acids located on the CXCL12 β-sheet and 50s loop as
additional receptor interacting residues [52]. Although all these
results corroborate the two-step binding model, the exact stoichi-
ometry of the CXCR4–CXCL12 interaction as well as the receptor
determinants forming the CRS2 remain to be clariﬁed [38,46].
The critical role of CXCR4 in cancer biology and HIV-1 infection
makes this receptor and its ligands valuable targets for drug develop-
ment. To date, several small CXCR4 antagonists including AMD3100,
T140 or CTCE-9908 have been described [53–57]. Although these
molecules are very potent in blocking HIV-1 infection and metastasis
development, they are often associated with important side effects
and/or inverse action on other chemokine receptors [53,58,59].
Therefore, other inhibition strategies need to be explored. Over the
last few years, ligand neutralisation by small molecules, peptides
and antibody fragments has emerged as an interesting alternative
to the classical receptor inhibition [60–67]. However, peptidic deriv-
atives of receptor extracellular loops have never been reported
as potential chemokine neutralisers. In the context of CXCR4 and
CXCR7, targeting their common chemokine, CXCL12, would allow
the simultaneous interference with its binding to both receptors
[68]. On the other hand, the development of molecules neutralising
the HIV-1 envelope protein gp120 rather than the receptor would
confer T-cell protection against viral infection without impeding
the physiological functions of CXCR4.
In the present study, we investigated the neutralising properties of
individual peptides corresponding to the ﬁrst, second and third extra-
cellular loops (ECL1, ECL2, ECL3) of CXCR4 towards CXCL12 binding
and HIV-1 infection. Analyses with mutated and truncated peptides
provided new insights on themolecular basis of receptor–ligand recog-
nition opening new perspectives for the development of CXCR4 ligand
neutralisers.2. Materials and methods
2.1. Peptides, proteins and cells
Peptides corresponding to the extracellular loops of CXCR4
(ECL1-X4, ECL2-X4 and ECL3-X4) were designed based on
the receptor topology predicted prior to its X-ray structure
resolution [39] (Table 1). All peptides including scrambled
control peptides ECL1-X4scrbl (FNYSGAKFVNDLWA) and ECL2-
X4scrbl (DVQDPRVLDWRNDVYSFYAFQFVCINE) were purchased
from JPT and contained an amide group at the C-terminus to avoid
additional negative charges. Peptide ECL2-X4 was also purchased
biotinylated at its N-terminus and the biotin moiety was separated
from the peptide by a Ttds linker ([N1-(9-Fluorenylmethoxycarbonyl)]-
1,13-diamino-4,7,10-trioxatridecan-succinamic acid). The CXCL12 N-
terminal peptide comprised the ﬁrst 17 residues of the chemokine
(KPVSLSYRCPCRFFESH). Control peptide (SPAPERRGYSGYDVPDY)
(Ctrl) corresponded to a HCDR3 sequence binding to an antibody
directed against human inﬂuenza haemagglutinin [69]. Chemokines
CXCL12 (SDF1α), vCCL2 (vMIP-II), CCL5 (RANTES), CCL3 (MIP-Iα) and
CCL4 (MIP-Iβ) were purchased from Peprotech. Alexa Fluor 647-
labelled CXCL12 was purchased from Almac. MT-4, Cf2Th-CXCR4,
CEM.NKR, CEM.NKR-CCR5 and U87.CD4.CXCR4 cell lines were obtained
through the NIH AIDS programe from Dr. D. Richman, Dr. J. Sodroski
and Dr. A. Trkola [70–72]. Cells stably expressing CXCR7 were obtained
by transfecting U87.CD4 cells with pBABE-CXCR7 vector.
2.2. HIV-1 infection inhibition assay
Inhibition of HIV infection of MT-4 cells and peptide cytotoxicity
were measured as previously described [73,74]. MT-4 cells (6 · 104
cells/well) were incubated with or without X4 (IIIB), R5/X4 (89.6)
or R5 (Ba-L) viruses (100 TCID50) for ﬁve days in the presence of
three-fold dilutions of ECL-X4 and control peptides starting at a concen-
tration of 100 μM. Viral entry inhibition and peptide cytoxicity were
evaluated by monitoring the absorbance at 540 nm (Abs) correspond-
ing to MTT (3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium
Bromide) reduction by mitochondrial enzymes using a Multiskan As-
cent spectrophotometer (Thermo-ﬁsher). Protection (%)was calculated
using the following equation: (Abscells + virus + peptide− Abscells + virus) /
(Abscells − Abscells + virus) × 100.
Luciferase-tagged recombinant viruses harbouring the NL4.3 Env
and VSV-g pseudovirions were produced as previously described
[75–77]. U87.CD4.CXCR4 cells (10,000 cells/well) were infected in
96-well plates with Env-recombinant viruses (200 pg p24, quantiﬁed
by Perkin Elmer kit) for 48 h at 37 °C. Medium was replaced and cells
were cultured for another 48 h, after which luciferase activity was
assayed using the Promega Luciferase kit (Promega) and read on a
Polarstar Omega microplate reader (BMG labtech). All infections were
performed in triplicate. Peptide cytotoxicity was determined in unin-
fected cells using the MTT method as described above.
2.3. Binding of ﬂuorescently labelled CXCL12 to CXCR4
Alexa Fluor 647-labelled CXCL12 (100 ng/ml) was incubated for 30
min at room temperature with CXCR4 ECL-X4 peptides (50 μM) prior
addition to Cf2Th-CXCR4 cells. After 90 min incubation at 4 °C, cells
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DEAD® Fixable Dead Cell Stain, Lifetechnologies) for 30min at 4 °C and
analysed on a BD FACS Canto cytometer (BD Biosciences) using BD FACS
Diva software. Unlabelled CXCL12 chemokine (100 fold excess) was
used as positive control for Alexa Fluor 647-labelled chemokine dis-
placement, while the LIVE/DEAD stain allowed the simultaneous deter-
mination of peptide cytotoxicity.2.4. Surface plasmon resonance measurements
Surface plasmon resonance (SPR) allows sensitive real time mea-
surement of protein–protein interactions [78]. This technology is
based on the evaluation of changes in the refractive index upon binding
of an analyte to a ligand immobilised at the surface of a sensor chip.
Biotinylated ECL2-X4 peptide (1 μM)was immobilised on a streptavidin
chip (GE Healthcare) by injection at a ﬂow rate of 5 μl/min for 20min in
0.01MHEPES, pH 7.4, 0.15MNaCl, 3 mMEDTA, 0.005% (v/v) surfactant
P20 (HBS-EP) on a BIAcore 3000. Typically, a signal ranging from 1000
to 1500 RU was obtained. For all sensorgrams, signal obtained with an
irrelevant peptide (Ctrl) was subtracted from signal obtained with
ECL2-X4. Binding analyses were performed by injecting 200 nM of
CXCL12, vCCL2, CCL5, CCL3, and CCL4 for 3 min at a ﬂow rate of
30 μl/min. All binding measurements were performed in triplicate
and were presented as average ± standard deviation. Kinetic analyses
were performed by injecting various concentrations of CXCL12 and
vCCL2 (7 to 500 nM) in HBS-EP at a ﬂow rate of 30 μl/min. Association
and dissociation times of 2 min and 20 min, respectively were
recorded. Measurements were carried out in duplicate. Surface
regeneration was performed by a single injection of 10 μl of 10 mM
glycine buffer pH 1.5. The presence of mass transfer phenomena
and linked reactions was excluded by performing the control assays
as recommended by the manufacturer. Kinetic data analysis was
performed using the BIAevaluation 4.1 software. The overall dissoci-
ation constant (KD) values and on (ka) and off (kd) rates for the com-
plexes were obtained after global ﬁts of the experimental data using
a simple model for 1:1 (Langmuir) binding.2.5. cAMP assay
Primary intracellular cyclic AMP (cAMP) production upon CXCL12
binding in the presence or absence of ECL-X4 peptides was evaluated
on MT-4 cells using the TR-FRET LANCE cAMP assay (Perkin Elmer)
adapted for a 96-well plate format. MT-4 cells (2 · 104 cells/well)
were diluted in HBSS stimulation buffer (5 mM HEPES, 0.1% BSA,
0.5 mM IBMX pH 7.4) containing Alexa Fluor 647-labelled anti-cAMP
antibody. Cells were incubated with forskoline (FSK) and CXCL12 was
preincubated with ECL-X4 or control peptides for 30 min at room tem-
perature. cAMP productionwasmeasured by adding europium-labelled
streptavidin and biotin-cAMP for 1 h at room temperature. LANCE signal
was recorded at 665 nm in a TECAN Genios Pro ﬂuorimeter and com-
pared with cAMP standard curves (10−6 to 10−11 M).2.6. Intracellular calcium release
Intracellular calcium release induced by CXCL12 was measured
using indo-1-acetoxymethyl ester (Interchim) as calcium-responsive
ﬂuorescent probe. Calcium release was monitored in MT-4 cells in 20
mMHEPES buffer containing 2.5mMprobenecid and 0.1% BSA. Allmea-
surements were performed at 37 °C in a 1 ml stirred cell using wave-
lengths of 355 nm for excitation and 475 and 405 nm for emission in a
PTI QM-4 QuantaMaster ﬂuorimeter. For inhibition experiments,
CXCL12 (7.5 nM) was incubated for 10 min in the presence of CXCR4-
derived peptides (100 μM).2.7. Internalisation of CXCR4, CXCR7 and CCR5 receptors
Internalisation of CXCR4, CXCR7 and CCR5 receptors from the cell
surface was monitored by ﬂow cytometry. Phycoerythrin-conjugated
monoclonal antibodies (mAb) 12G5 (BD Pharmingen) and 4G10
(Santa Cruz Biotechnology) were used to follow CXCR4 internalisation
from the surface of MT-4 cells. Phycoerythrin-conjugated monoclonal
antibodies T21/8 (EBiosciences) and 11G8 (R&D Systems) were used
to monitor CCR5 and CXCR7 internalisation from CEM.NKR-CCR5 and
U87-CXCR7 cells, respectively.
Cells were incubated for 30 min in the presence of CXCL12 (50 nM),
CCL5 (20 nM) or vCCL2 (400 nM). For neutralisation experiments,
chemokines were pre-incubated 30 min at 37 °C with ECL-X4 and
control peptides. Internalisation was stopped after 30 min by addition
of NaN3 (0.1%) and placing cells on ice. Cells were then stained with
the adequate antibody for 30 min at 4 °C. Cell viability and potential
cytotoxic effect of peptides was monitored using the LIVE/DEAD®
Fixable Dead Cell Stain. Samples were analysed on a BD FACS Canto
cytometer (BD Biosciences) using BD FACS Diva software.
2.8. Chemotaxis
Chemotaxis assays were performed in ChemoTx 96-well cell migra-
tion systems (Neuro Probe) equipped with a 5 μm-pore polycarbonate
membrane ﬁlter as recommended by the manufacturer. Brieﬂy, migra-
tion buffer (RPMI 1640) containing CXCL12 (12 nM) and two-fold
dilutions of ECL-X4 and control peptides (3 μM to 100 μM)were loaded
in the lower chamber. Calcein-AM loaded Jurkat cells (2.5 · 105 cells)
were added to the upper chamber. Migration was allowed for 2 h and
15 min at 37 °C. Cells in upper and lower chambers were counted by
measuring ﬂuorescence (Eex 485 nm, Eem 525 nm) using a Tecan Genios
Pro ﬂuorimeter.
3. Results
3.1. Inhibition of HIV infection by ECL-X4 peptides
The ECL-X4 peptides (Table 1) were analysed for their ability to
inhibit the infection of MT-4 cells with the laboratory-adapted CXCR4-
using (X4) HIV-1 strain IIIB (Fig. 1A). Peptides ECL1-X4 and ECL2-X4
fully protected cells from virus cytopathic effect (IC50 = 24 and
31 μM, respectively) whereas peptide ECL3-X4 displayed 10% protec-
tion at a concentration of 100 μM. No inhibition was observed with
the control peptide or the scrambled ECL1-X4 and ECL2-X4 peptides
(ECL1-X4scrbl and ECL2-X4scrbl) (Fig. 1A, B and D). None of these pep-
tideswere toxic within the concentration range tested as demonstrated
in Fig. 1SD. Interestingly, peptide ECL1-X4 also protected MT-4 cells
against infectionwith dual-tropic (R5/X4) virus (89.6) aswell as against
the CCR5-using (R5) virus (Ba-L) with IC50 values of 69 μM and 76 μM,
respectively (Fig. 1B). In contrast, peptide ECL2-X4 failed to protect cells
against R5 virus and displayed a reduced protection against dual-tropic
virus (Fig. 1D).
To deﬁne the minimal length and crucial residues of ECL1-X4 and
ECL2-X4 involved, truncated and mutated peptides were analysed in
MT-4 infection assays (Fig. 1C, D and E). While progressive truncation
of the ﬁrst two N-terminal residues of ECL1-X4 (ECL1-X498–110 and
ECL1-X499–110) reduced protection (IC50 = 43 μM and 67 μM), deletion
of the C-terminal lysine (Lys110) (ECL1-X497–109) abrogated its antiviral
properties (Figs. 1C, 7A). In contrast, mutation of the cysteine at position
109 to an alanine (C109A) did not modify the antiviral potency (IC50 =
22 μM) indicating that protection is independent of peptide dimer
formation.
Truncated 18-mer ECL2-X4 analogues (ECL2-X4176–193, ECL2-
X4181–198 and ECL2-X4185–202) failed to inhibit infection of MT-4
cells by X4 virus IIIB (Figs. 1D, 7C) demonstrating the necessity of full
length ECL2-X4 peptide for viral inhibition. Alanine scanning of peptide
Fig. 1. Inhibition of HIV-1 infection by ECL-X4 peptides. Protection of MT-4 cells against HIV-1 infection by ECL-X4 peptides was evaluated by determining cell survival after 5 days of
infection in an MTT assay. Panel A: Inhibition of X4 HIV-1 (IIIB) infection by ECL-X4 peptides. Panel B: Inhibition of X4 (IIIB), R5/X4 (89.6) and R5 (Ba-L) HIV-1 infection by peptide
ECL1-X4. Panel C: Inhibition X4 HIV-1 (IIIB) infection by full-length (ECL1-X497–110), truncated (ECL1-X498–110, ECL1-X499–110, ECL1-X497–109, ECL1-X497–108, and ECL1-X498–109), mutated
(ECL1-X4C109A) and scrambled (ECL1-X4scrbl) peptides (Fig. 7A). Panel D: Inhibition of X4 (IIIB) R5/X4 (89.6) and R5 (Ba-L) HIV-1 infection by full-length (ECL2-X4176–202), truncated
(ECL2-X4176–193, ECL2-X4181–198 and ECL2-X4185–202) and scrambled (ECL2-X4scrbl) peptides (Fig. 7C). Panel E: Inhibitory properties of alanine mutated ECL2-X4 analogues. Data are pre-
sented as percentage of protection obtained at a concentration of 200 μM. All experiments were performed in triplicate and are presented as average ± standard deviation. Panel F: In-
hibition of NL4.3 recombinant virions and VSV-g pseudoparticles by ECL-X4 peptides. U87.CD4.CXCR4 cells were infected with recombinant HIV particles harbouring the CXCR4-using
envelope protein (NL4.3) and of VSV-g pseudovirions in the presence of serial 3-fold dilutions of ECL-X4, scrambled (scrbl) and control (ctrl) peptides. Viral infection was evaluated by
measuring luciferase activity in cell lysates after 4 days. Data are presented as percentage of the infection obtained in the absence of peptide. All experiments were performed in triplicate
and are presented as average ± standard deviation.
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and identiﬁed three clusters of residues important for efﬁcient protec-
tion (Figs. 1E, 7B). While mutations R183A (IC50 = 68 μM) or R188A
(IC50 = 50 μM) slightly affected the antiviral properties of the peptides,
mutations Y184A, I185A, C186A, D187A,N192A (IC50=176 μM), L194A
(IC50 = 83 μM), V196A and V197A (IC50 = 123 μM) resulted in less ac-
tive peptides and mutations N176A, V177A, S178A, E179A, D181A,D182A, F189A, Y190A, P191A, D193A and W195A, V198A, F199A,
Q200A and Q202A abolished HIV inhibitory properties.
ECL-X4 peptides and controls were further analysed for their ability
to interfere with viral entry using an Env recombinant virus harbouring
CXCR4-using envelope (NL4.3) and VSV-g pseudovirions. Whereas
ECL2-X4 inhibited only NL4.3 viral entry with an IC50 value of 9.6 μM,
it displayed no activity against VSV-g pseudoparticles indicating that
Fig. 2. Inhibition of CXCL12 binding to CXCR4 by ECL-X4 peptides. Panel A: Inhibition of CXCL12 binding to Cf2Th cells expressing CXCR4 by ECL1-X4, ECL2-X4, ECL3-X4 and control (Ctrl)
peptides (50 μM). Panel B: Comparison of CXCL12 inhibitory properties of ECL2-X4 and ECL-X4scrbl peptides (200 μM to 10 nM). Alexa Fluor 647-labelled CXCL12 (AF647-CXCL12)
(100 ng/ml) was pre-incubated with CXCR4 or control peptides for 30 min at RT before addition on Cf2Th–CXCR4 cells for 90 min at 4 °C. All experiments were performed in duplicate
and are presented as average ± standard deviation.
Fig. 3. Binding speciﬁcity of peptide ECL2-X4. Binding was evaluated by surface plas-
mon resonance (SPR) using a biotinylated ECL2-X4 peptide immobilised on a SA-chip.
CXCL12, vCCL2, CCL5, CCL3, and CCL4 chemokines were injected at 200 nM. Binding
intensities corresponding to SPR signals recorded at the end of the association phase are
presented as average values± standard deviation of triplicate experiments. Insets: Kinetic
analysis of thebindingof peptide ECL2-X4 to chemokines CXCL12 (upper panel) andvCCL2
(lower panel). Measurements were performed with two-fold dilutions of chemokine
starting at 500 nM. Kinetic rate constants (ka and kd) for both complexes were ﬁtted
globally according to a Langmuir 1:1 model using BIAevaluation 4.1 software. The
ﬁtting results were ka = 4.01 ± 0.05 × 105 M−1 s−1, kd = 8.84 ± 0.07 × 103 s−1,
KD = 22.1 ± 0.5 nM for ECL2-X4/CXCL12 and ka = 1.86 ± 0.02 × 105 M−1 s−1, kd =
5.05 ± 0.04 × 103 s−1, KD = 27.1 ± 0.5 nM for ECL2-X4/vCCL2, respectively.
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viral entry (Fig. 2). In contrast, at a concentration of 100 μM ECL1-X4
peptide partially interfered with both NL4.3 and VSV-g mediated
entry. At concentrations of 33 to 11 μM, the peptide favoured viral
entry, while at lower concentrations it had no effect. These observations
suggest that part of the antiviral activity observedwith ECL1-X4 peptide
on MT-4 cells can be related to non-speciﬁc effects.
3.2. Chemokine binding and neutralisation by ECL-X4 peptides
ECL-X4 peptides were also analysed for their ability to inhibit the
binding of ﬂuorescently labelled CXCL12 to CXCR4. This labelled chemo-
kine speciﬁcally bound to Cf2Th cells overexpressing CXCR4 and not to
the parental Cf2Th cells (Fig. 2SD). Only peptide ECL2-X4 inhibited
binding of ﬂuorescently labelled CXCL12 to CXCR4 in a dose-dependent
manner (Fig. 2) (IC50 = 2 ± 1 μM). No inhibition was observed with
ECL1-X4, ECL3-X4, scrambled ECL2-X4 (ECL2-X4scrbl) and Ctrl peptides
(Fig. 2). Surface plasmon resonance experiments demonstrated a strong
and speciﬁc binding of ECL2-X4 to CXCR4-related chemokines in solu-
tion (CXCL12 KD = 22 ± 0.5 nM, and vCCL2 KD = 27 ± 0.5 nM). This
data indicated that the reduced binding of ﬂuorescent CXCL12 in the
presence of ECL2-X4 was related to chemokine neutralisation and not
receptor–peptide interactions (Fig. 3).
3.3. Inhibition of CXCL12-induced CXCR4/CXCR7 signalling and
internalisation by ECL-X4 peptides
The effect of ECL-X4 peptides on the CXCR4G-protein signallingwas
further investigated (Fig. 4A and B). In agreementwith the binding data,
in cAMP assay, only peptide ECL2-X4 inhibited the CXCL12-induced
CXCR4 activation (IC50 = 35 ± 0.5 μM) whereas ECL1-X4, ECL3-X4
and control peptide had no effect (Fig. 4A). In the absence of CXCL12,
none of the ECL-X4 peptides acted as a CXCR4 agonist (data not
shown). Similar results were obtained with CXCL12-induced calcium
release measurement (Fig. 4B). ECL1-X4, ECL3-X4 and control peptide
did not exert any effectwhereas ECL2-X4 peptide abolished the calcium
response induced by CXCL12 with an IC50 of 5.7 μM (Fig. 4B, inset). The
inhibitory properties of ECL2-X4 peptide were conﬁrmed in a receptor
internalisation assay using the 4G10 mAb directed against the CXCR4
N-terminus (Fig. 4C). Using this antibody avoided interference betweenmAbs recognising the CXCR4 ECLs. As previously observed, only peptide
ECL2-X4 inhibited CXCL12-induced CXCR4 internalisation (IC50= 19±
2 μM) (Figs. 4C and 5). The ability of peptide ECL2-X4 to inhibit the
CXCL12-induced migration of leukaemia-derived T cells was also mon-
itored using a Transwell system. Peptide ECL2-X4 abolished chemotaxis
of Jurkat cells at concentrations higher than 50 μMwhile only partial or
no inhibition was observed with peptides ECL3-X4 and ECL1-X4,
respectively (Fig. 4D). Finally, the inhibitory properties of peptide
ECL2-X4 towards CXCL12-induced CXCR7 internalisation were eval-
uated (Fig. 5). Peptide ECL2-X4 inhibited CXCR7 internalisation albeit
with less potency than was observed for CXCR4 (IC50 = 100 ± 24 μM
vs. IC50 = 19 ± 2 μM).
Fig. 4. Inhibition of theCXCL12-CXCR4 signalling pathways by ECL-X4 peptides. Panel A:Modulation of cAMPproduction bypeptides ECL1-X4, ECL2-X4, ECL3-X4 and control.Modiﬁcation
of the forskolin-induced cAMP production was monitored using the TR-FRET-based LANCE assay. CXCL12 (30 nM) was pre-incubated with peptides (100 μM) for 30 min at 37 °C before
addition on MT-4 cells. Inset: Dose-dependent inhibition of CXCL12 by peptide ECL2-X4 (10 nM to 200 μM). Panel B: Inhibition of CXCL12-induced calcium release by ECL-X4 peptides.
Antagonist properties were monitored in the presence of CXCL12 (7.5 nM) by measuring maximum calcium response using Indo-1 ﬂuorescence. Inset: Dose-dependent inhibition of
CXCL12-induced calcium release by peptide ECL2-X4 (100 μM to 10 nM). Panel C: Inhibition of CXCL12-induced CXCR4 internalisation in MT-4 cells. CXCL12 (50 nM) was pre-
incubated with ECL-X4 peptides (100 μM) for 30 min at 37 °C before addition on MT-4 cells for 30 min at 37 °C. CXCR4 surface expression was monitored by ﬂow cytometry using the
4G10 antibody. Panel D: Inhibition of CXCL12-induced migration of leukaemia-derived T-cells by ECL-X4 peptides. All experiments were performed in duplicate and are presented as
average ± standard deviation.
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The ability of peptide ECL2-X4 to neutralise vCCL2 was also eval-
uated (Fig. 7C). This chemokine binds to CXCR4 as well as to other
CXC and CC chemokine receptors including CCR5. As vCCL2 displays
an inherent antagonist activity, its binding to chemokine receptors
was monitored in competition experiments. To avoid any interference
between ECL-X4 peptides and the competing mAbs, the binding of
vCCL2 was monitored on CCR5-expressing cells using the anti-CCR5
T21/8 mAb. At concentration of 400 nM vCCL2 abolished the binding
of the anti-CCR5 antibody to the receptor, while in the presence of
peptide ECL2-X4, this binding was fully restored, demonstrating
that peptide ECL2-X4 also neutralised vCCL2. This interaction was
concentration-dependent with a potency equivalent to that observed
for CXCL12 (IC50 = 29 ± 6 μM vs. IC50 = 19 ± 2 μM). Peptide ECL2-
X4 had no effect on CCL5 binding to CCR5 conﬁrming its speciﬁcity.3.5. Inhibition of full-length and CXCL12 N-terminus-derived peptide by
truncated and mutated ECL2-X4 analogues
To unravel the structural basis of CXCL12 and vCCL2 neutralisation
by ECL2-X4, partially overlapping truncated 18-mer peptides covering
the full-length sequence of ECL2-X4 (176–193, 181–198 and 185–202)
were analysed in a CXCR4 internalisation assay (Figs. 5, 6 and 7C). Trun-
cation of the C-terminal residues (ECL2-X4176–193) abrogated the inhib-
itory properties of the peptide, while peptides ECL2-X4181–198 and ECL2-
X4185–202 displayed only 30% of the full-length ECL2-X4 activity at the
highest concentration tested (300 μM) (Fig. 5). Similar proﬁles were
observed for vCCL2, although the analogue ECL2-X4181–198 displayed
stronger inhibition potency (Fig. 6). To assess the importance of individ-
ual amino acids for the neutralising properties of ECL2-X4 towards
CXCL12, the IC50 values of alanine mutants were determined (Fig. 8A).
Only the P191A mutant almost completely lost its capacity to inhibit
Fig. 5. Inhibition of the binding of CXCL12 to CXCR4 and CXCR7 by ECL2-X4-derived pep-
tides. Neutralisation properties towards CXCL12were evaluated in receptor internalisation
assays. CXCL12 (50 nM) was pre-incubated with different concentrations (10 nM to
300 μM) of ECL2-X4 and truncated analogues for 30 min at 37 °C prior addition on cells
for 30 min at 37 °C. The surface expression of CXCR4 was monitored using the 4G10 anti-
body (−CXCR4) while CXCR7 expression was detected with the 11G8 antibody
(−CXCR7). Full-length ECL2-X4 peptide covered positions 176 to 202. Truncated ECL2-
X4peptides (ECL2-X4176–193, ECL2-X4181–198 and ECL2-X4185–202) arepartially overlapping
18-mers covering the entire ECL2 sequence (Fig. 7C). Data represent themean± standard
deviation of duplicate experiments.
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replacement of residues Asp181 (D181A, IC50 = 38 ± 3 μM), Asp182
(D182A, IC50 = 63 ± 7 μM), Asp187 (D187A, IC50 = 46 ± 5 μM),
Asp193 (D193A, IC50 = 75 ± 9 μM) and Cys186 (C186A, IC50 = 91 ±
8 μM) as well as the hydrophobic residues Leu194 (L194A, IC50 = 38 ±
8 μM), Trp195 (W195A, IC50 = 50 ± 5 μM), Val196 (V196A, IC50 =
44 ± 11 μM), Val197 (V197A, IC50 = 47 ± 6 μM) and Phe201 (F201A,
IC50 = 50 ± 15 μM) located at the C-terminus of peptide ECL2-X4
resulted in more than two-fold reduction in CXCL12-neutralising prop-
erty. In contrast, the removal of positively charged residues in mutants
R183A (IC50 = 15 ± 3 μM) and R188A (IC50 = 14 ± 3 μM) slightly
favoured chemokine binding.
To further pinpoint the CXCL12 region involved in the interaction
with ECL2-X4, neutralisation of the short agonist peptide derived
from the N-terminus of CXCL12 (residues 1–17) was evaluated inFig. 6. Inhibition of vCCL2 binding to CCR5 by ECL2-X4-derived peptides. Neutralisation
properties towards vCCL2 were evaluated in internalisation assay (−vCCL2). vCCL2
(400 nM) was pre-incubated with different concentrations of ECL2-X4 peptides (10 nM
to 300 μM) for 30 min at 37 °C before addition on CCR5-expressing cells for 30 min at
37 °C. Control experiment was performed using CCL5 (20 nM) (−CCL5). CCR5 surface
expression was detected with the T21/8 antibody. Full-length ECL2-X4 peptide covers
positions 176 to 202. Truncated ECL2-X4 peptides (ECL2-X4176–193, ECL2-X4181–198 and
ECL2-X4185–202) are partially overlapping 18-mers covering the entire ECL2 sequence
(Fig. 7C). Data represent the mean ± standard deviation of duplicate experiments.internalisation assay as this peptide alone was shown to induce recep-
tor internalisation with an EC50 of 50 μM (Fig. 8B). As observed for
full-length chemokine, peptide ECL2-X4 inhibited over 70% of CXCR4
internalisation induced by this agonist peptide indicating that ECL2-X4
neutralises CXCL12 predominantly by binding to its ﬂexible N-terminal
extremity.
4. Discussion
4.1. Different properties of ECL1-X4 and ECL2-X4 against HIV infection
Among the ECL-X4 peptides, ECL1-X4 and ECL2-X4 displayed potent
antiviral activity against replicative viruses without inducing any
toxicity effects. These peptides were soluble in the concentration
range tested excepted peptide ECL2-X4scrbl which was partially
insoluble in the culture media at a concentration of 100 μM. In
infection inhibition assay using MTT readout ECL1-X4 protected
cells from infection with X4, R5/X4 but also R5 virus strains. Peptides
covering positions 99 to 110 were required to achieve antiviral
properties. The ability of peptide ECL1-X4 to inhibit viruses of
different tropisms may be partially explained by the high sequence
similarity of ECL1 in CXCR4 and CCR5. Indeed, ECL1 of CXCR4
(DAVANWYFGNFLCK) and CCR5 (YAAAQWDFGNTMCQ) show 50%
of sequence identity and signiﬁcant homology at non-conserved
positions (Fig. 7A). Antiviral properties have previously been reported
for a CCR5 derived ECL1 peptide (ECL1-R5) using fusion assay [79].
This peptide inhibited the cell-to-cell fusion entry of R5 and R5/X4
envelopes with potency in the micromolar range but was inactive
against X4 virus envelope. These ﬁndings suggested an important
role for the non-conserved residues in tropism determination. In agree-
ment with this hypothesis, Asp97 of ECL1 of CXCR4 was shown to be
critical for efﬁcient infection by CXCR4-using viruses [80].
However, it must be noted that in entry assays with VSV-g
pseudotypes and HIV (NL4.3) recombinant particles, ECL1-X4 blocked
50% of the total infection at 100 μM and increased cell infection by
two to four-fold at 11 and 33 μM. This suggests that the peptide may
interact non-speciﬁcally with other viral surface determinants or
interfere with other steps of the virus cell cycle. Recently, the antiviral
activities of a synthetic mimic of CXCR4 extracellular surface covering
ECL1–ECL2–ECL3 or cyclic peptides corresponding to ECL1 and ECL2
were described [81,82]. The former mimic of the extracellular surface
showed inhibition in the low micromolar range (IC50 = 10 μM) and
was active only against X4-virus. This observation may result from theFig. 7. Sequence alignment of full-length and truncated ECL1-X4 and ECL2-X4 peptides.
Panel A: Sequences of full-length (positions 97 to 110) and truncated ECL1-X4 peptides.
The N- and C-terminal extremities of peptide ECL1-X4 are important (DA) or critical (K)
for HIV-1 inhibition and are coloured in red. Residues identical in ECL1 of CXCR4 and
CCR5 are underlined. Panel B: Full-length ECL2-X4 peptide (positions 176 to 202). Resi-
dues within ECL2-X4 critical for HIV-1 inhibition (upper line) or important for CXCL12
neutralisation (IC50 values twice as high as the wild-type peptide) (lower line) are
coloured in red and blue respectively. Panel C: Sequence alignment of truncated overlap-
ping 18-mer ECL2-X4 peptides. Underlined asparagines (N) correspond to putative
N-glycosylation sites (NXS/T).
Fig. 8.Mutational scanning of peptide ECL2-X4 and its inhibitory properties towards CXCL12 and the agonist peptide derived from CXCL12 N-terminus. Panel A: Inhibition of CXCL12-
induced CXCR4 internalisation by ECL2-X4 mutants monitored by ﬂow cytometry. IC50 values are compared to that recorded with wild-type (WT) peptide ECL2-X4 (IC50 = 19 ±
2 μM) (red dotted line). Panel B: Neutralisation of the agonist peptide derived from CXCL12 N-terminus (residues 1–17) by peptide ECL2-X4. CXCL12 N-terminus peptide (50 μM) was
pre-incubated with various ECL2-X4 concentrations (10 μM to 300 μM) and neutralisation was monitored as the decrease of CXCL12 N-terminus-induced CXCR4 internalisation. Exper-
iments were performed in duplicate and are presented as average ± standard deviation.
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themimic towards X4 viruses. Cyclic ECL1 and ECL2 peptides displayed
IC50 values of 35 μM and 32 μM, very similar to what we observed with
individual linear peptides using the MTT readout. However, the activity
of ECL1-derived peptides was observed indirectly by measuring cell
viability and should also be further investigated using entry assays
and Env of different viruses.
Peptide ECL2-X4 inhibited the CXCR4-using virus strain IIIB with
potency similar to ECL1-X4 (i.e. low micromolar range). Truncation
and mutational analyses showed that full-length peptide is required
for protection and the majority of the residues, with the notable excep-
tion of Arg183, Arg188, Val197 and Leu194, were important for efﬁcient
inhibition (Fig. 1E). The critical residues were present as three clusters
covering positions 176 to 182, 189 to 195 and 198 to 202, with theFig. 9. Spatial arrangement of CXCR4 extracellular domains and positioning of ECL2 residues in
extracellular surface (PDB 3ODU). Disulphide bridges (red dots) of the extracellular parts of CX
green)potentially involved indifferent steps of ligand binding. Panel B:Overall CXCR4 receptor a
displayed IC50 values two fold higher than the wild-type peptide ECL2-X4 are represented as
towards the inner face of the receptor. Panel C: Structure of CXCR4 dimer and location of CXCL1
are coloured green and blue. Receptor dimerisation mainly involves the extracellular surface oﬁrst two including mainly solvent-exposed residues involved in the
β-hairpin structure (Figs. 7B and 9B). These results are in linewith stud-
ies conducted on cells expressingmutated CXCR4, which demonstrated
the importance of aromatic and negatively charged residues of ECL2 for
HIV-1 entry [39–41,83]. In contrast to ECL1-X4, ECL2-X4 did not protect
cells against infection by CCR5-using viruses, which could be explained
by the poor sequence identity (10%) observed between the correspond-
ing regions of CXCR4 and CCR5. It has been demonstrated that peptides
derived from the second extracellular loop of CCR5 are also potent
HIV-1 inhibitors [79,84]. These studies, however reported conﬂicting
results regarding the antiviral effect of ECL2-R5 against dual-tropic
and CXCR4 viruses, which may be attributed to the differences in
entry assays used (cell–cell fusion vs. single round infectivity
assay). It is worth noting that a recent NMR study conducted usingvolved in interactions with CXCL12 and its N-terminus. Panel A: Top-down view of CXCR4
CR4 divide the receptor into two distinct domains (Nterm-ECL3 in blue and ECL1–ECL2 in
nd localisation of ECL2. Residues located in ECL2/top of TM5,which in internalisation assay
sticks and are coloured orange. Side chains of residues D181, D182, D187 and D193 point
2 N-terminus-binding sites (ECL2 and the top of TM5 coloured orange). CXCR4monomers
f TM5 and TM6 and brings two CXCL12 N-terminus-binding sites in close vicinity.
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identiﬁed several gp120-interacting residues (underlined, 181-
HFPYSQYQFW-190) corresponding to the second cluster pointed
out in the present study (189-FYPNDLW-195) [84].
In CXCR4, the top of TM3 (end of ECL1) and ECL2 are linked by a
disulphide bond. A second disulphide bond is present between the
N-terminus of the receptor and the top of TM7 (end of ECL3) (Fig. 8A).
Based on the positioning of these disulphide bridges and the overall
receptor topology, the extracellular surface can be divided into two
structural domains (Nterm–ECL3 and ECL1–ECL2) potentially involved
in discrete steps of ligand recognition (Fig. 9A). As in the case of
chemokines, the binding of gp120 to the co-receptors has been pro-
posed to occur as a two-step process with the N-terminus forming the
ﬁrst gp120-recognition site and the extracellular loops supporting the
second binding step [85]. The recognition of the CXCR4 N-terminus
seems however less important than the N-terminus of CCR5 for CCR5-
mediated entry [86–88]. Furthermore, our results demonstrate that
peptide ECL1-X4 and ECL3-X4 are less effective than ECL2-X4 in
preventing HIV-1 entry, reinforcing the view that the latter is the key
gp120-binding determinant of CXCR4.
4.2. ECL2-X4 neutralises CXCL12 by binding to its ﬂexible N-terminus —
molecular basis for CRS2 interaction
Based on our data, ECL2 ismost likely to be themajor determinant of
the CXCR4 CRS2. Indeed, only peptides derived from this loopwere able
to speciﬁcally bind CXCL12 and inhibit its interactions with CXCR4
thereby preventing receptor activation. The binding of CXCL12 to
CXCR4 is generally described as a two-step mechanism [44]. While the
receptor N-terminus is commonly accepted as the major determinant
of the initial chemokine recognition (CRS1), the residues constituting
CRS2 involved in the subsequent receptor-activating interaction with
the chemokine N-terminus are not precisely deﬁned. In silico predic-
tions pointed out residues located in ECL2, ECL3 as well as the TM5
and TM6 regions [41,44,89]. While full-length ECL2-X4 peptide was
needed for efﬁcient chemokine neutralisation, mutational analysis
highlighted the crucial role of Pro191. Furthermore, Cys186, the four
aspartate residues scattered along the peptide (Asp181, Asp182,
Asp187 and Asp193) as well as the LWVV cluster and Phe200 located
at the C-terminal part of ECL2 were important for neutralisation
(Figs. 7B, 8A and 9B). In the CXCR4 crystal structure, all four aspartates
are solvent-exposed and ideally positioned on the loop to interact
with ligands (Fig. 9B). Pro191 was crucial for both CXCL12 and HIV-1
neutralisation, most probably by reducing the ﬂexibility of this region
and introducing a kink at the C-terminus of ECL2 upstream the
LWVVVFQFQ sequence (annotated as the top of TM5 in the X-ray
structure). This kink may be necessary for correct positioning of
the N- and C-terminal parts of the peptide for optimal ligand binding.
Based on this structural arrangement, a plausible mechanism for the
initial interactions of CXCL12 at CRS2 would rely on stabilising con-
tacts of the four aspartates with the core and the N-terminus (Arg8
and Arg12) of the chemokine, ensuring the correct orientation of
its ﬂexible N-terminus for receptor-activating insertion in the trans-
membrane cavity close to the top of TM5 (Fig. 3SD). This insertion
would result in conformational changes in the TM5 and TM6 region,
allowing the formation of new interactions between the N-terminal
lysine of CXCL12 and Asp262 or Glu288 located at the inner segment
of TM6 and TM7, respectively [44]. In accordance with the proposed
mechanism, the agonist activity of the small peptide derived from
CXCL12 N-terminus was inhibited by peptide ECL2-X4. The ﬂexible
N-terminus of the chemokine has also been shown to represent a
potential scaffold for development of drugs targeting CXCR4 [51].
Interestingly, dimeric peptides derived from CXCL12 and vCCL2
N-termini showed ten times stronger activity in inhibiting HIV-1
infection or CXCL12 binding than their monomeric counterparts
[48–51]. The molecular basis for this increase in potency is not entirelyunderstood. Nevertheless, it is noteworthy that in the crystal structure,
CXCR4 is present in a dimeric form (Fig. 9C). The dimerisation, which
takes place at the extracellular side of the TM5–TM6 region, brings the
two CXCL12 N-terminus-binding sites closer together in a symmetric
manner which could therefore account for more favourable bivalent
interactions of the dimeric peptideswith a dimeric form of the receptor.
To date, the exact stoichiometry of CXCL12–CXCR4 interactions
remains to be clariﬁed [38]. As observed for CXCR4, CXCL12 can also
form dimers and monomeric or dimeric forms of the chemokine were
shown to have different effects on signalling and cellular responses
[46,90]. Our data indicate that peptide ECL2-X4 binds to CXCL12 by
formingmultiple contacts with an important contribution of the hydro-
phobic and negatively charged residues, reminiscent of the interactions
described for CXCR4 N-terminus peptides (CRS1) and CXCL12 [46].
Indeed, peptides corresponding to CRS1 bound the chemokine in an
extended conformation and occupied the cleft delimited by N-loop
and the β-sheet leaving the ﬂexible N-terminus of the chemokine free
for an interaction with ECL2 (CRS2). It is therefore conceivable that
the interaction at CRS1 positions the chemokine, induces conformation
changes or creates larger interaction interface facilitating the subse-
quent binding of the chemokine at CRS2. However, the binding of
CRS1-derived peptides to CXCL12 has also been demonstrated to induce
its dimerisation and the formation of a symmetric 2/2 complex inwhich
the two receptor N-terminus-binding sites are located at opposing faces
of the dimer [46]. Therefore, it is also plausible that the CRS1 and CRS2-
derived peptides (N-term and ECL2) recognise equivalent sites on each
monomer providing structural basis for the binding of dimeric CXCL12.4.3. Therapeutic potential of ECL-X4-derived peptides
During the last two decades, peptides derived from the N-loop of
CCL5, the N-termini of CXCL12 [49] and vCCL2 [50], the variable loop
of gp120 (V3 loop) and the extracellular surface (N-term and ECLs) of
CCR5 [79] were proposed as potential sources of antiviral molecules.
In this study, peptide ECL2-X4 displayed antiviral properties towards
CXCR4-using viruses and interacted strongly and speciﬁcally with
CXCL12, blocking its interactions with both CXCR4 and CXCR7. Consid-
ering the increasing number of studies reporting the implication of
these receptors in the spread and survival of tumour cells, neutralising
their common ligand may be a highly relevant therapeutic strategy
[35,91–93]. Peptide ECL2-X4 was however less potent in inhibiting the
binding of CXCL12 to CXCR7 than to CXCR4, which may be in part
explained by the ten times higher afﬁnity of CXCL12 towards CXCR7
(Fig. 4) [32,33]. In contrast to peptides derived from the N-terminus of
chemokine receptors, peptides derived from the extracellular loops do
not require tyrosine sulfation to be fully active [67]. The N-terminus of
CXCR4 bears three sulfotyrosines at positions 7, 12 and 21, which
were previously shown to be critical for CXCL12 binding [46,94]. We
have previously observed that an unsulfated peptide derived from the
N-terminus of CXCR4 (residues 1–40) displayed no CXCL12 or HIV-1
inhibition properties in the different assays presented above. This
post-translational modiﬁcation is usually difﬁcult to introduce at
multiple sites of long synthetic peptides due to the lability of sulfate
group often resulting in a heterogeneous mixture of sulfated peptide
species. This observation emphasises the therapeutical potential of
peptides derived from the receptor extracellular loops. However,
their potency, afﬁnity and stability (low micromolar range) as well
as the pharmacokinetic properties remain to be largely improved
through stabilisation in a protein scaffold or by incorporating non-
natural residues such as D-amino acids or chemical derivatives.
Recent modiﬁcations of CCL5-derived peptides at hot spots demon-
strated that such rational design allowed improving the overall pep-
tide potency by more than 100 times to reach the nanomolar range
[95,96]. Therefore, the mutational analyses conducted in this study
provide valuable positional information for such further improvements.
1040 A. Chevigné et al. / Biochimica et Biophysica Acta 1843 (2014) 1031–1041In the near future, additional work will be needed to better under-
stand the structural determinants of CRS1 and CRS2 in CXCR4 and
CXCR7, as well as to elucidate the ligand–receptor stoichiometry and
to determine if the chemokine neutralising properties observed with
ECL2-derived peptides can be extended to other CXC receptors.
4.4. Conclusions
Linear peptides derived fromCXCR4 extracellular loops are structur-
al and functional mimics of the complete receptor surface and some
display neutralising properties towards CXCL12 binding and HIV-1
infection.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2014.01.017.
Acknowledgements
This manuscript is supported by the Public Research Centre for
Health (CRP-Santé), Luxembourg, grant 20100708 (GPCR47 project)
and the “Fonds National de la Recherche”, Luxembourg, grants: AFR-
3004509 (CX-CRP-7 project), CORE C11/BM/1209287 (PROMETAVIR
project) and CORE C09/BM/20 (Mimokine Project). The authors wish
to thankDr. Danielle Perez-Bercoff for thorough reading, helpful discus-
sions and her technical advices regarding the recombinant viral assay
and Nicolaas Brons for technical assistance in ﬂow cytometry measure-
ments as well as Dr. Carole Devaux and Dr. Sylvie Delhalle for critical
reading of the manuscript.
References
[1] M. Baggiolini, Chemokines and leukocyte trafﬁc, Nature 392 (1998) 565–568.
[2] B. Moser, M. Wolf, A. Walz, P. Loetscher, Chemokines: multiple levels of leukocyte
migration control, Trends Immunol. 25 (2004) 75–84.
[3] C.R. Mackay, Chemokines: immunology's high impact factors, Nat. Immunol. 2
(2001) 95–101.
[4] A. Aiuti, I.J. Webb, C. Bleul, T. Springer, J.C. Gutierrez-Ramos, The chemokine SDF-1 is
a chemoattractant for human CD34+ hematopoietic progenitor cells and provides a
new mechanism to explain the mobilization of CD34+ progenitors to peripheral
blood, J. Exp. Med. 185 (1997) 111–120.
[5] Y.R. Zou, A.H. Kottmann,M. Kuroda, I. Taniuchi, D.R. Littman, Function of the chemo-
kine receptor CXCR4 in haematopoiesis and in cerebellar development, Nature 393
(1998) 595–599.
[6] O. Kollet, A. Spiegel, A. Peled, I. Petit, T. Byk, R. Hershkoviz, E. Guetta, G. Barkai, A.
Nagler, T. Lapidot, Rapid and efﬁcient homing of human CD34+CD38−/lowCXCR4+
stem and progenitor cells to the bone marrow and spleen of NOD/SCID and
NOD/SCID/B2mnull mice, Blood 97 (2001) 3283–3291.
[7] T. Nagasawa, S. Hirota, K. Tachibana, N. Takakura, S. Nishikawa, Y. Kitamura, N.
Yoshida, H. Kikutani, T. Kishimoto, Defects of B-cell lymphopoiesis and bone-
marrow myelopoiesis in mice lacking the CXC chemokine PBSF/SDF-1, Nature 382
(1996) 635–638.
[8] K. Tachibana, S. Hirota, H. Iizasa, H. Yoshida, K. Kawabata, Y. Kataoka, Y. Kitamura, K.
Matsushima, N. Yoshida, S. Nishikawa, T. Kishimoto, T. Nagasawa, The chemokine
receptor CXCR4 is essential for vascularization of the gastrointestinal tract, Nature
393 (1998) 591–594.
[9] A. Muller, B. Homey, H. Soto, N. Ge, D. Catron, M.E. Buchanan, T. McClanahan, E.
Murphy, W. Yuan, S.N. Wagner, J.L. Barrera, A. Mohar, E. Verastegui, A. Zlotnik,
Involvement of chemokine receptors in breast cancer metastasis, Nature 410
(2001) 50–56.
[10] F. Balkwill, Cancer and the chemokine network, Nat. Rev. Cancer 4 (2004) 540–550.
[11] Y. Feng, C.C. Broder, P.E. Kennedy, E.A. Berger, HIV-1 entry cofactor: functional cDNA
cloning of a seven-transmembrane, G protein-coupled receptor, Science 272 (1996)
872–877.
[12] P.A. Hernandez, R.J. Gorlin, J.N. Lukens, S. Taniuchi, J. Bohinjec, F. Francois, M.E.
Klotman, G.A. Diaz, Mutations in the chemokine receptor gene CXCR4 are associated
with WHIM syndrome, a combined immunodeﬁciency disease, Nat. Genet. 34
(2003) 70–74.
[13] A. Zlotnik, Chemokines and cancer, Int. J. Cancer 119 (2006) 2026–2029.
[14] D.D. Richman, S.A. Bozzette, The impact of the syncytium-inducing phenotype of
human immunodeﬁciency virus on disease progression, J. Infect. Dis. 169 (1994)
968–974.
[15] G. Alkhatib, C. Combadiere, C.C. Broder, Y. Feng, P.E. Kennedy, P.M. Murphy, E.A.
Berger, CC CKR5: a RANTES, MIP-1alpha, MIP-1beta receptor as a fusion cofactor
for macrophage-tropic HIV-1, Science 272 (1996) 1955–1958.
[16] H. Choe, M. Farzan, Y. Sun, N. Sullivan, B. Rollins, P.D. Ponath, L. Wu, C.R. Mackay, G.
LaRosa,W. Newman, N. Gerard, C. Gerard, J. Sodroski, The beta-chemokine receptorsCCR3 and CCR5 facilitate infection by primary HIV-1 isolates, Cell 85 (1996)
1135–1148.
[17] H. Deng, R. Liu, W. Ellmeier, S. Choe, D. Unutmaz, M. Burkhart, P. Di Marzio, S.
Marmon, R.E. Sutton, C.M. Hill, C.B. Davis, S.C. Peiper, T.J. Schall, D.R. Littman, N.R.
Landau, Identiﬁcation of a major co-receptor for primary isolates of HIV-1, Nature
381 (1996) 661–666.
[18] T. Dragic, V. Litwin, G.P. Allaway, S.R. Martin, Y. Huang, K.A. Nagashima, C. Cayanan,
P.J. Maddon, R.A. Koup, J.P. Moore, W.A. Paxton, HIV-1 entry into CD4+ cells is me-
diated by the chemokine receptor CC-CKR-5, Nature 381 (1996) 667–673.
[19] E.A. Berger, HIV entry and tropism: the chemokine receptor connection, AIDS 11
(Suppl. A) (1997) S3–S16.
[20] E.A. Berger, R.W. Doms, E.M. Fenyo, B.T. Korber, D.R. Littman, J.P. Moore, Q.J.
Sattentau, H. Schuitemaker, J. Sodroski, R.A. Weiss, A new classiﬁcation for HIV-1,
Nature 391 (1998) 240.
[21] E.A. Berger, P.M. Murphy, J.M. Farber, Chemokine receptors as HIV-1 coreceptors:
roles in viral entry, tropism, and disease, Annu. Rev. Immunol. 17 (1999) 657–700.
[22] M.P. Davenport, J.J. Zaunders,M.D. Hazenberg,H. Schuitemaker, R.P. van Rij, Cell turn-
over and cell tropism in HIV-1 infection, Trends inmicrobiology 10 (2002) 275–278.
[23] R.M. Ribeiro, M.D. Hazenberg, A.S. Perelson, M.P. Davenport, Naive and memory cell
turnover as drivers of CCR5-to-CXCR4 tropism switch in human immunodeﬁciency
virus type 1: implications for therapy, J. Virol. 80 (2006) 802–809.
[24] J.J. Mattapallil, D.C. Douek, B. Hill, Y. Nishimura, M. Martin, M. Roederer, Massive
infection and loss of memory CD4+ T cells in multiple tissues during acute SIV in-
fection, Nature 434 (2005) 1093–1097.
[25] L.J. Picker, Immunopathogenesis of acute AIDS virus infection, Curr. Opin. Immunol.
18 (2006) 399–405.
[26] Z. Grossman, M. Meier-Schellersheim, W.E. Paul, L.J. Picker, Pathogenesis of HIV
infection: what the virus spares is as important as what it destroys, Nat. Med. 12
(2006) 289–295.
[27] F. Groot, T.M. van Capel, J. Schuitemaker, B. Berkhout, E.C. de Jong, Differential sus-
ceptibility of naive, central memory and effector memory T cells to dendritic cell-
mediated HIV-1 transmission, Retrovirology 3 (2006) 52.
[28] F. Balkwill, The signiﬁcance of cancer cell expression of the chemokine receptor
CXCR4, Semin. Cancer Biol. 14 (2004) 171–179.
[29] B.A. Teicher, S.P. Fricker, CXCL12 (SDF-1)/CXCR4 pathway in cancer, Clin. Cancer
Res. 16 (2010) 2927–2931.
[30] F. Marchesi, P. Monti, B.E. Leone, A. Zerbi, A. Vecchi, L. Piemonti, A. Mantovani, P.
Allavena, Increased survival, proliferation, and migration in metastatic human pan-
creatic tumor cells expressing functional CXCR4, Cancer Res. 64 (2004) 8420–8427.
[31] T.N. Kledal, M.M. Rosenkilde, F. Coulin, G. Simmons, A.H. Johnsen, S. Alouani, C.A.
Power, H.R. Luttichau, J. Gerstoft, P.R. Clapham, I. Clark-Lewis, T.N. Wells, T.W.
Schwartz, A broad-spectrum chemokine antagonist encoded by Kaposi's sarcoma-
associated herpesvirus, Science 277 (1997) 1656–1659.
[32] J.M. Burns, B.C. Summers, Y. Wang, A. Melikian, R. Berahovich, Z. Miao, M.E. Penfold,
M.J. Sunshine, D.R. Littman, C.J. Kuo, K. Wei, B.E. McMaster, K. Wright, M.C. Howard,
T.J. Schall, A novel chemokine receptor for SDF-1 and I-TAC involved in cell survival,
cell adhesion, and tumor development, J. Exp. Med. 203 (2006) 2201–2213.
[33] K. Balabanian, B. Lagane, S. Infantino, K.Y. Chow, J. Harriague, B. Moepps, F.
Arenzana-Seisdedos, M. Thelen, F. Bachelerie, The chemokine SDF-1/CXCL12 binds
to and signals through the orphan receptor RDC1 in T lymphocytes, J. Biol. Chem.
280 (2005) 35760–35766.
[34] X. Sun, G. Cheng, M. Hao, J. Zheng, X. Zhou, J. Zhang, R.S. Taichman, K.J. Pienta, J.
Wang, CXCL12/CXCR4/CXCR7 chemokine axis and cancer progression, Cancer
Metastasis Rev. 29 (2011) 269–270.
[35] Z. Miao, K.E. Luker, B.C. Summers, R. Berahovich, M.S. Bhojani, A. Rehemtulla, C.G.
Kleer, J.J. Essner, A. Nasevicius, G.D. Luker, M.C. Howard, T.J. Schall, CXCR7 (RDC1)
promotes breast and lung tumor growth in vivo and is expressed on tumor-
associated vasculature, Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 15735–15740.
[36] K. Grymula, M. Tarnowski, M. Wysoczynski, J. Drukala, F.G. Barr, J. Ratajczak, M.
Kucia, M.Z. Ratajczak, Overlapping and distinct role of CXCR7-SDF-1/ITAC and
CXCR4-SDF-1 axes in regulating metastatic behavior of human rhabdomyosar-
comas, Int. J. Cancer (2010) 2554–2568.
[37] L. Sanchez-Martin, P. Sanchez-Mateos, C. Cabanas, CXCR7 impact on CXCL12 biology
and disease, Trends Mol. Med. (2012) 12–22.
[38] B. Wu, E.Y. Chien, C.D. Mol, G. Fenalti, W. Liu, V. Katritch, R. Abagyan, A. Brooun, P.
Wells, F.C. Bi, D.J. Hamel, P. Kuhn, T.M. Handel, V. Cherezov, R.C. Stevens, Structures
of the CXCR4 chemokine GPCR with small-molecule and cyclic peptide antagonists,
Science 330 (2010) 1066–1071.
[39] A. Brelot, N. Heveker, M. Montes, M. Alizon, Identiﬁcation of residues of CXCR4
critical for human immunodeﬁciency virus coreceptor and chemokine receptor
activities, J. Biol. Chem. 275 (2000) 23736–23744.
[40] B.J. Doranz, M.J. Orsini, J.D. Turner, T.L. Hoffman, J.F. Berson, J.A. Hoxie, S.C. Peiper, L.F.
Brass, R.W. Doms, Identiﬁcation of CXCR4 domains that support coreceptor and
chemokine receptor functions, J. Virol. 73 (1999) 2752–2761.
[41] N. Zhou, Z. Luo, J. Luo, D. Liu, J.W. Hall, R.J. Pomerantz, Z. Huang, Structural and
functional characterization of human CXCR4 as a chemokine receptor and HIV-1
co-receptor by mutagenesis and molecular modeling studies, J. Biol. Chem. 276
(2001) 42826–42833.
[42] E.J. Fernandez, E. Lolis, Structure, function, and inhibition of chemokines, Annu. Rev.
Pharmacol. Toxicol. 42 (2002) 469–499.
[43] S.J. Allen, S.E. Crown, T.M. Handel, Chemokine: receptor structure, interactions, and
antagonism, Annu. Rev. Immunol. 25 (2007) 787–820.
[44] M.P. Crump, J.H. Gong, P. Loetscher, K. Rajarathnam, A. Amara, F. Arenzana-
Seisdedos, J.L. Virelizier, M. Baggiolini, B.D. Sykes, I. Clark-Lewis, Solution structure
and basis for functional activity of stromal cell-derived factor-1; dissociation of
CXCR4 activation frombinding and inhibition ofHIV-1, EMBO J. 16 (1997) 6996–7007.
1041A. Chevigné et al. / Biochimica et Biophysica Acta 1843 (2014) 1031–1041[45] F.S. Monteclaro, I.F. Charo, The amino-terminal extracellular domain of the MCP-1
receptor, but not the RANTES/MIP-1alpha receptor, confers chemokine selectivity.
Evidence for a two-step mechanism for MCP-1 receptor activation, J. Biol. Chem.
271 (1996) 19084–19092.
[46] C.T. Veldkamp, C. Seibert, F.C. Peterson, N.B. De la Cruz, J.C. Haugner III, H. Basnet, T.P.
Sakmar, B.F. Volkman, Structural basis of CXCR4 sulfotyrosine recognition by the
chemokine SDF-1/CXCL12, Sci. Signal. 1 (2008) 1160755.
[47] E.K. Gozansky, J.M. Louis, M. Caffrey, G.M. Clore, Mapping the binding of the
N-terminal extracellular tail of the CXCR4 receptor to stromal cell-derived
factor-1alpha, J. Mol. Biol. 345 (2005) 651–658.
[48] N. Heveker, M. Montes, L. Germeroth, A. Amara, A. Trautmann, M. Alizon, J.
Schneider-Mergener, Dissociation of the signalling and antiviral properties of
SDF-1-derived small peptides, Curr. Biol. 8 (1998) 369–376.
[49] P. Loetscher, J.H. Gong, B. Dewald, M. Baggiolini, I. Clark-Lewis, N-terminal peptides
of stromal cell-derived factor-1 with CXC chemokine receptor 4 agonist and antag-
onist activities, J. Biol. Chem. 273 (1998) 22279–22283.
[50] N. Zhou, Z. Luo, J. Luo, J.W.Hall, Z. Huang,A novel peptide antagonist of CXCR4derived
from theN-terminus of viral chemokine vMIP-II, Biochemistry 39 (2000) 3782–3787.
[51] A. Chevigne, V. Fievez, J.C. Schmit, S. Deroo, Engineering and screening theN-terminus
of chemokines for drug discovery, Biochem. Pharmacol. 82 (2011) 1438–1456.
[52] Y. Kofuku, C. Yoshiura, T. Ueda, H. Terasawa, T. Hirai, S. Tominaga, M. Hirose, Y.
Maeda, H. Takahashi, Y. Terashima, K. Matsushima, I. Shimada, Structural basis of
the interaction between chemokine stromal cell-derived factor-1/CXCL12 and its
G-protein-coupled receptor CXCR4, J. Biol. Chem. 284 (2009) 35240–35250.
[53] L.O. Gerlach, R.T. Skerlj, G.J. Bridger, T.W. Schwartz, Molecular interactions of cyclam
and bicyclam non-peptide antagonists with the CXCR4 chemokine receptor, J. Biol.
Chem. 276 (2001) 14153–14160.
[54] H. Tamamura, A. Hori, N. Kanzaki, K. Hiramatsu, M. Mizumoto, H. Nakashima, N.
Yamamoto, A. Otaka, N. Fujii, T140 analogs as CXCR4 antagonists identiﬁed as
anti-metastatic agents in the treatment of breast cancer, FEBS Lett. 550 (2003) 79–83.
[55] H. Tsutsumi, T. Tanaka, N. Ohashi, H. Masuno, H. Tamamura, K. Hiramatsu, T. Araki,
S. Ueda, S. Oishi, N. Fujii, Therapeutic potential of the chemokine receptor CXCR4
antagonists as multifunctional agents, Biopolymers 88 (2007) 279–289.
[56] N.Heveker,M. Tissot, A. Thuret, J. Schneider-Mergener,M. Alizon,M. Roch, S.Marullo,
Pharmacological properties of peptides derived from stromal cell-derived factor 1:
study on human polymorphonuclear cells, Mol. Pharmacol. 59 (2001) 1418–1425.
[57] E.H. Huang, B. Singh, M. Cristofanilli, J. Gelovani, C. Wei, L. Vincent, K.R. Cook, A.
Lucci, A CXCR4 antagonist CTCE-9908 inhibits primary tumor growth and metasta-
sis of breast cancer, J. Surg. Res. 155 (2009) 231–236.
[58] I. Kalatskaya, Y.A. Berchiche, S. Gravel, B.J. Limberg, J.S. Rosenbaum, N. Heveker,
AMD3100 is a CXCR7 ligand with allosteric agonist properties, Mol. Pharmacol. 75
(2009) 1240–1247.
[59] W.B. Zhang, J.M. Navenot, B. Haribabu, H. Tamamura, K. Hiramatu, A. Omagari, G. Pei,
J.P.Manfredi,N. Fujii, J.R. Broach, S.C. Peiper, A pointmutation that confers constitutive
activity to CXCR4 reveals that T140 is an inverse agonist and that AMD3100 and
ALX40-4C are weak partial agonists, J. Biol. Chem. 277 (2002) 24515–24521.
[60] J.L. Galzi, M. Hachet-Haas, D. Bonnet, F. Daubeuf, S. Lecat, M. Hibert, J. Haiech, N.
Frossard, Neutralizing endogenous chemokines with small molecules. Principles
and potential therapeutic applications, Pharmacol. Ther. 126 (2010) 39–55.
[61] C. Boussard, T. Klimkait, N. Mahmood, M. Pritchard, I.H. Gilbert, Design, synthesis
and evaluation of potential inhibitors of HIV gp120-CD4 interactions, Bioorg. Med.
Chem. Lett. 14 (2004) 2673–2676.
[62] C.T. Veldkamp, J.J. Ziarek, F.C. Peterson, Y. Chen, B.F. Volkman, Targeting
SDF-1/CXCL12 with a ligand that prevents activation of CXCR4 through structure-
based drug design, J. Am. Chem. Soc. 132 (2010) 7242–7243.
[63] M. Hachet-Haas, K. Balabanian, F. Rohmer, F. Pons, C. Franchet, S. Lecat, K.Y. Chow, R.
Dagher, P. Gizzi, B. Didier, B. Lagane, E. Kellenberger, D. Bonnet, F. Baleux, J. Haiech,
M. Parmentier, N. Frossard, F. Arenzana-Seisdedos, M. Hibert, J.L. Galzi, Small
neutralizing molecules to inhibit actions of the chemokine CXCL12, J. Biol. Chem.
283 (2008) 23189–23199.
[64] C.T. Wild, D.C. Shugars, T.K. Greenwell, C.B. McDanal, T.J. Matthews, Peptides corre-
sponding to a predictive alpha-helical domain of human immunodeﬁciency virus
type 1 gp41 are potent inhibitors of virus infection, Proc. Natl. Acad. Sci. U. S. A. 91
(1994) 9770–9774.
[65] C. Zhong, J. Wang, B. Li, H. Xiang, M. Ultsch, M. Coons, T. Wong, N.Y. Chiang, S. Clark,
R. Clark, L. Quintana, P. Gribling, E. Suto, K. Barck, R. Corpuz, J. Yao, R. Takkar, W.P.
Lee, L. Damico-Beyer, R.A. Carano, C. Adams, R. Kelley,W.Wang, N. Ferrara, Develop-
ment and preclinical characterization of a humanized antibody targeting CXCL12,
Clin. Cancer Res. (2013) 4433–4445.
[66] C. Blanchetot, D. Verzijl, A. Mujic-Delic, L. Bosch, L. Rem, R. Leurs, C.T. Verrips, M.
Saunders, H. de Haard, M.J. Smit, Neutralizing nanobodies targeting diverse
chemokines effectively inhibit chemokine function, J. Biol. Chem. 288 (2013)
25173–25182.
[67] M. Szpakowska, V. Fievez, K. Arumugan, N. van Nuland, J.C. Schmit, A. Chevigne,
Function, diversity and therapeutic potential of the N-terminal domain of human
chemokine receptors, Biochem. Pharmacol. 84 (2012) 1366–1380.
[68] D.G. Duda, S. Kozin, N.D. Kirkpatrick, L. Xu, D. Fukumura, R.K. Jain, CXCL12
(SDF1α) — CXCR4/CXCR7 pathway inhibition: an emerging sensitizer for
anti-cancer therapies? Clin. Cancer Res. (2011) 2074–2080.
[69] S. Deroo, A. Fischer, N. Beaupain, M. Counson, N. Boutonnet, J. Pletinckx, S. Loverix, E.
Beirnaert, H. De Haard, J.C. Schmit, I. Lasters, Non-immunized natural human heavy
chain CDR3 repertoires allow the isolation of high afﬁnity peptides mimicking a
human inﬂuenza hemagglutinin epitope, Mol. Immunol. 45 (2008) 1366–1373.
[70] A. Trkola, J. Matthews, C. Gordon, T. Ketas, J.P. Moore, A cell line-based neutralization
assay for primary human immunodeﬁciency virus type 1 isolates that use either the
CCR5 or the CXCR4 coreceptor, J. Virol. 73 (1999) 8966–8974.[71] S. Harada, Y. Koyanagi, N. Yamamoto, Infection of HTLV-III/LAV in HTLV-I-carrying
cells MT-2 and MT-4 and application in a plaque assay, Science 229 (1985)
563–566.
[72] S.K. Ahuja, J.C. Lee, P.M. Murphy, CXC chemokines bind to unique sets of selectivity
determinants that can function independently and are broadly distributed on
multiple domains of human interleukin-8 receptor B. Determinants of high afﬁnity
binding and receptor activation are distinct, J. Biol. Chem. 271 (1996) 225–232.
[73] R. Pauwels, J. Balzarini, M. Baba, R. Snoeck, D. Schols, P. Herdewijn, J. Desmyter, E. De
Clercq, Rapid and automated tetrazolium-based colorimetric assay for the detection
of anti-HIV compounds, J. Virol. Methods 20 (1988) 309–321.
[74] R. Pauwels, E. De Clercq, J. Desmyter, J. Balzarini, P. Goubau, P. Herdewijn, H.
Vanderhaeghe, M. Vandeputte, Sensitive and rapid assay onMT-4 cells for detection
of antiviral compounds against the AIDS virus, J. Virol. Methods 16 (1987) 171–185.
[75] M. Mulinge, M. Lemaire, J.Y. Servais, A. Rybicki, D. Struck, E.S. da Silva, C.
Verhofstede, Y. Lie, C. Seguin-Devaux, J.C. Schmit, D.P. Bercoff, HIV-1 tropism
determination using a phenotypic Env recombinant viral assay highlights over-
estimation of CXCR4-usage by genotypic prediction algorithms for CRRF01_AE
and CRF02_AG, PLoS One 8 (2013) e60566.
[76] F. Baatz, M. Nijhuis, M. Lemaire, M. Riedijk, A.M.Wensing, J.Y. Servais, P.M. van Ham,
A.I. Hoepelman, P.P. Koopmans, H.G. Sprenger, C. Devaux, J.C. Schmit, D. Perez
Bercoff, Impact of the HIV-1 env genetic context outside HR1–HR2 on resistance
to the fusion inhibitor enfuvirtide and viral infectivity in clinical isolates, PLoS One
6 (2011) e21535.
[77] D. Perez-Bercoff, S. Wurtzer, S. Compain, H. Benech, F. Clavel, Human immunodeﬁ-
ciency virus type 1: resistance to nucleoside analogues and replicative capacity in
primary human macrophages, J. Virol. 81 (2007) 4540–4550.
[78] D.G. Myszka, Kinetic, equilibrium, and thermodynamic analysis of macromolecular
interactions with BIACORE, Methods Enzymol. 323 (2000) 325–340.
[79] L. Agrawal, Z. VanHorn-Ali, E.A. Berger, G. Alkhatib, Speciﬁc inhibition of HIV-1
coreceptor activity by synthetic peptides corresponding to the predicted extracellu-
lar loops of CCR5, Blood 103 (2004) 1211–1217.
[80] D.J. Chabot, P.F. Zhang, G.V. Quinnan, C.C. Broder, Mutagenesis of CXCR4 identiﬁes
important domains for human immunodeﬁciency virus type 1 X4 isolate envelope-
mediated membrane fusion and virus entry and reveals cryptic coreceptor activity
for R5 isolates, J. Virol. 73 (1999) 6598–6609.
[81] K. Mobius, R. Durr, C. Haussner, U. Dietrich, J. Eichler, A functionally selective
synthetic mimic of the HIV-1 co-receptor CXCR4, Chemistry 18 (2012) 8292–8295.
[82] C. Hashimoto, W. Nomura, T. Narumi, M. Fujino, H. Tsutsumi, M. Haseyama, N.
Yamamoto, T. Murakami, H. Tamamura, Anti-HIV-1 peptide derivatives based on
the HIV-1 co-receptor CXCR4, ChemMedChem 8 (10) (October 2013) 1668–1672.
[83] A. Brelot, N. Heveker, K. Adema, M.J. Hosie, B. Willett, M. Alizon, Effect of mutations
in the second extracellular loop of CXCR4 on its utilization by human and feline im-
munodeﬁciency viruses, J. Virol. 73 (1999) 2576–2586.
[84] C. Dogo-Isonagie, S. Lam, E. Gustchina, P. Acharya, Y. Yang, S. Shahzad-ul-Hussan,
G.M. Clore, P.D. Kwong, C.A. Bewley, Peptides from second extracellular loop of
C–C chemokine receptor type 5 (CCR5) inhibit diverse strains of HIV-1, J. Biol.
Chem. 287 (2012) 15076–15086.
[85] E.G. Cormier, T. Dragic, The crown and stem of the V3 loop play distinct roles in
human immunodeﬁciency virus type 1 envelope glycoprotein interactions with
the CCR5 coreceptor, J. Virol. 76 (2002) 8953–8957.
[86] A. Brelot, N. Heveker, O. Pleskoff, N. Sol, M. Alizon, Role of the ﬁrst and third extra-
cellular domains of CXCR-4 in human immunodeﬁciency virus coreceptor activity, J.
Virol. 71 (1997) 4744–4751.
[87] J.D. Reeves, N. Heveker, A. Brelot, M. Alizon, P.R. Clapham, L. Picard, The second
extracellular loop of CXCR4 is involved in CD4-independent entry of human immu-
nodeﬁciency virus type 2, J. Gen. Virol. 79 (Pt 7) (1998) 1793–1799.
[88] B.J. Willett, K. Adema, N. Heveker, A. Brelot, L. Picard, M. Alizon, J.D. Turner, J.A.
Hoxie, S. Peiper, J.C. Neil, M.J. Hosie, The second extracellular loop of CXCR4
determines its function as a receptor for feline immunodeﬁciency virus, J. Virol. 72
(1998) 6475–6481.
[89] K. Arumugam, S. Crouzy, A. Chevigne, C. Seguin-Devaux, J.C. Schmit, Structure
prediction of GPCRs using piecewise homologs and application to the human
CCR5 chemokine receptor: validation through agonist and antagonist docking, J.
Biomol. Struct. Dyn. (2013).
[90] L.J. Drury, J.J. Ziarek, S. Gravel, C.T. Veldkamp, T. Takekoshi, S.T. Hwang, N. Heveker,
B.F. Volkman, M.B. Dwinell, Monomeric and dimeric CXCL12 inhibit metastasis
through distinct CXCR4 interactions and signaling pathways, Proc. Natl. Acad. Sci.
U. S. A. 108 (2011) 17655–17660.
[91] J.Wang, Y. Shiozawa, Y.Wang, Y. Jung, K.J. Pienta, R. Mehra, R. Loberg, R.S. Taichman,
The role of CXCR7/RDC1 as a chemokine receptor for CXCL12/SDF-1 in prostate
cancer, J. Biol. Chem. 283 (2008) 4283–4294.
[92] F. Gebauer, M. Tachezy, K. Effenberger, K. von Loga, H. Zander, A. Marx, J.T. Kaiﬁ, G.
Sauter, J.R. Izbicki, M. Bockhorn, Prognostic impact of CXCR4 and CXCR7 expression
in pancreatic adenocarcinoma, J. Surg. Oncol. 104 (2011) 140–145.
[93] W. Zhong, W. Chen, D. Zhang, J. Sun, Y. Li, J. Zhang, Y. Gao, W. Zhou, S. Li,
CXCL12/CXCR4 axis plays pivotal roles in the organ-speciﬁc metastasis of pancreatic
adenocarcinoma: a clinical study, Exp. Ther. Med. 4 (2012) 363–369.
[94] C.T. Veldkamp, C. Seibert, F.C. Peterson, T.P. Sakmar, B.F. Volkman, Recognition of a
CXCR4 sulfotyrosine by the chemokine stromal cell-derived factor-1alpha
(SDF-1alpha/CXCL12), J. Mol. Biol. 359 (2006) 1400–1409.
[95] M. Secchi, R. Longhi, L. Vassena, F. Sironi, S. Grzesiek, P. Lusso, L. Vangelista,
Enhancement of anti-HIV-1 activity by hot spot evolution of RANTES-derived
peptides, Chem. Biol. 19 (2012) 1579–1588.
[96] P. Lusso, L. Vangelista, R. Cimbro, M. Secchi, F. Sironi, R. Longhi, M. Faiella, O. Maglio,
V. Pavone, Molecular engineering of RANTES peptide mimetics with potent
anti-HIV-1 activity, FASEB J. 25 (2011) 1230–1243.
